Recent observational and numerical modeling studies of the mechanisms which transport moisture to the stratosphere by deep convective storms at mid-latitudes are reviewed. Observational evidence of the cross-tropopause transport of moisture by thunderstorms includes satellite, aircraft and ground-based data. The primary satellite evidence is taken from both conventional satellite of thunderstorm images and CloudSat vertical cloud cross-section images. The conventional satellite images show cirrus plumes above the anvil tops of some of the convective storms where the anvils are already at the tropopause level. The CloudSat image shows an indication of penetration of cirrus plume into the stratosphere. The aircraft observations consist of earlier observations of the "jumping cirrus" phenomenon reported by Fujita and recent detection of ice particles in the stratospheric air associated with deep convective storms. The ground-based observations are video camera records of the jumping cirrus phenomenon occurring at the top of thunderstorm cells. Numerical model studies of the penetrative deep convective storms were performed utilizing a three-dimensional cloud dynamical model to simulate a typical severe storm which occurred in the US Midwest region on 2 August 1981. Model results indicate two physical mechanisms that cause water to be injected into the stratosphere from the storm: (1) the jumping cirrus mechanism which is caused by the gravity wave breaking at the cloud top, and (2) an instability caused by turbulent mixing in the outer shell of the overshooting dome. Implications of the penetrative convection on global processes and a brief future outlook are discussed.
INTRODUCTION
Water plays many important roles in the atmosphere. The most familiar is the formation of clouds and precipitation that are of central importance to traditional weather science. But water also plays an important role in the chemistry of the atmosphere. Aside from reactions in the troposphere, water vapor is also involved in significant stratospheric chemical processes as well (Brasseur et al. 1999) . For example, it is the main source material for making the ozone-depleting HO x radicals and the condensed form of water substance serves as a catalytic surface for heterogeneous reactions involving NO x and halogen species in the polar stratospheric clouds (Solomon 1999) .
Water substance also plays an important role in the global climate process. Water vapor is responsible for most of the greenhouse warming of the Earth's atmosphere (see, e.g., Liou 1992) . Although the absolute majority of water vapor resides in the troposphere, the small amount of water vapor in the stratosphere may have very strong climatic impact. Stratospheric water vapor shows both seasonal variations and Northern-Southern hemispheric asymmetry (Pan et al. 1997 (Pan et al. , 2000 . Reliable long term climate forecasts require accurate descriptions of the response of stratospheric water vapor to climate forcing (Shindell 2001; Forster and Shine 2002) . Since its residence time can be more than a year, the fluctuation of stratospheric water vapor can be an important climate forcing itself. Frostpoint hygrometer measurements of water vapor in the lower stratosphere (LS) show that the LS vapor concentration had been increasing at ~1% per year for at least two decades persistently up to about the year 2000 (Oltmans et al. 2000; Rosenlof et al. 2001 ) and has been decreasing since then (Solomon et al. 2007 ). This time-dependent behavior of the stratospheric water vapor concentration and its potential influence on the global climate needs to be assessed carefully.
Currently, three pathways are thought to be responsible for the presence of water vapor in the stratosphere: (1) slow large scale ascent carrying moisture gradually from the lower troposphere to the upper troposphere and eventually passing through the region of coldest temperatures in the tropical tropopause layer into stratosphere; (2) rapid convective transport of moisture from the troposphere, presumably by the strong updrafts of deep convective storms that carry both ice particles and water vapor into the stratosphere; and (3) oxidation of upper stratospheric methane (CH 4 ) to form water vapor coupled with subsequent downward transport. It is also possible to have a two-stage process, where convection lofting parcels and ice rise to the upper troposphere, followed by gradual dehydration as the parcels ascend into the stratosphere (Rosenlof 2003) . The 3 rd pathway has been considered as insignificant in the lower stratosphere (e.g., Rosenlof 2003; Myhre et al. 2007 ). This leaves either the first or the second pathway and no definite conclusion has been reached as to which is the major pathway for water to rise into the stratosphere . There are considerable debates about the relative importance of the two, but recently evidence is mounting showing that convective penetration actually occurs more frequently than previously thought and hence may represent the major pathway via which water vapor enters the stratosphere.
Previous studies of the entry pathways of stratospheric water focused almost exclusively on the tropics and the main motivation was to determine the dehydration mechanism to explain the dryness of the stratosphere. But deep convection occurs in both low and middle latitudes and transports water to the stratosphere. This transport occurs in the tropics, it may also occur in the mid-latitudes as our recent studies clearly show that this is the case. In order to explain the global hydrological cycle including the stratosphere, in our opinion, the mid-latitude convective transport should also be included. This paper will summarize some recent observational and modeling studies on the convective transport of water vapor in the mid-latitudes. Brief discussions of the tropical deep convective transport of water will also be included for obtaining a global perspective.
SATELLITE ObSERVATIONS OF THE CROSS-TROPOPAUSE CONVECTIVE TRANSPORT OF WATER SUbSTANCE
The primary evidence of the cross-tropopause convective transport of water substance has been provided by satellite observations. Past studies on this topic have shown two possible approaches using satellite observations to demonstrate such transport mechanism. The first approach described by Setvák and Doswell (1991) and Levizzani and Setvák (1996) is based on the observations of plume-like features on the tops of some of the convective storms. The second approach utilizes the brightness temperature difference between water vapor absorption and infrared window bands (e.g., Fritz and Laszlo 1993; Setvák et al. 2008) .
The first observational report specifically related to the deep convective cross-tropopause transport of water substance was the satellite observation made by Setvák and Doswell (1991) . They found that in some cases, chimney plume-like features appear on the tops of the storm anvils. If the sun angle is low (as in the case of either early morning or later afternoon), the plume often casts clear shadow on the anvil. It is also possible to have more than one plume appear above the anvil. Figure 1 shows an example of the above-anvil plume (Setvák 2004, personal communication) . This was a severe tornadic storm system which occurred over the Ibiza Island of the Balearic Islands, Spain. The plume is seen starting out from a point very near the overshooting top of the storm and stretching and widening downwind in a NE direction. The plume casts a shadow on top of the anvil. In fact, the other storm to the west (left) of this one also has an above anvil plume, although it appears to be less intense. Figure 2 shows another example of such plumes. In this case, the satellite is viewing the storm at nearly nadiral direction and the sun angel is relatively high, hence the shadow is not as obvious but nevertheless can still be discerned along the north rim of the plume.
The plumes can usually be seen in the visible and nearinfrared (NIR) channels; hence they should consist of ice particles given the very low temperature at such a high level (usually -50 to -60ºC). For this reason, they are sometimes called by others stratospheric cirrus plumes or simply stratospheric cirrus (e.g., Fujita 1982 ). More precisely they should be referred to as above-anvil ice-plumes. Sometimes, they can also be seen in thermal infrared images, depending on their height and the temperature profile of the lower stratosphere. The fact that satellite images show that the plumes usually have high 3.7 -3.9 m reflectivity implies that the ice particles in the plume must be quite small, possibly of the order of several μm (Levizzani and Setvák 1996) .
Initially thought to be a rare phenomenon, the anvil top plumes are now known to occur regularly above convective storms in many parts of the world. Figure 3 shows an image taken by MODIS instrument on Aqua satellite which shows a series of thunderstorms occurring over northern Mexico. Almost every well-developed storm cell in this image has an anvil top plume.
The size of the plumes varies greatly. Some are very wide and extend downwind to a length longer than the storm anvil while others may be very short and narrow. Levizzani and Setvák (1996) investigated more examples of anvil top plumes and estimated that most of them are 1 -3 km above the anvil. If the anvil top is already at the tropopause, then these plumes must be in the lower stratosphere.
The plume examples shown previously require the presence of condensed phase such as ice. It is also possible that the plume consists of purely water vapor without any condensed phase, and hence cannot be seen by visible band. A method developed in the 1990s (Fritz and Laszlo 1993) of observing the convective vertical transport of water vapor through the tropopause is based on the brightness temperature difference (BTD) between the water vapor and infrared window bands as mentioned above. The BTD is typically negative for lower clouds and cloud-free areas, since the water vapor band radiance is usually lower than infrared window band radiance. However, positive BTD values appear above cloud tops of most of convective storms. This can be explained by the presence of LS moisture in the case of a temperature inversion above the tropopause. The BTD field is often well correlated with the coldest pixels in the infrared window band. However, in some cases these two fields are not quite correlated. Such a case was described by Setvák et al (2008) who offered an explanation that the effect may be caused by local moistening of the air above the storm by the storm itself, i.e., an above-anvil vapor plume. Another possible explanation of the low correlation is due to the emissivity/scattering effects within the cloud and is recently a subject of further studies. Figure 4 shows example of the case discussed by Setvák et al (2008) .
CLOUD MODEL SIMULATION OF CROSS-TROPOPAUSE TRANSPORT OF WATER SUb-STANCE
The above-anvil plume phenomenon in the lower stratosphere poses an interesting question, where does the water come from? One possibility is that the plume forms from water vapor that is already in the stratosphere and by the storm's motion; for example, the wave motion induced by the intense updraft, that causes the air to be lifted and cooled adiabatically to form cirrus clouds, much like the formation of pileus cloud is often observed above the overshooting dome of convective storms. Both the observed plume morphology and the results of numerical cloud model simulations with a humid layer in the stratosphere above the storm indicate that this is unlikely the case.
Another more likely possibility is that the plume derives the water from the thunderstorm itself, that is, the storm ejects either ice particles upward directly into the lower stratosphere or it injects water vapor into the stratosphere which is subsequently nucleated in situ to form the cirrus plume, or the combination of both. In either case, the source of water substance for the plume is the troposphere and the formation of the cirrus plume implies a cross-tropopause transport of water substance.
This possibility was first investigated by Wang (2003) who used a 3-D nonhydrostatic cloud model WISCDYMM (Wisconsin Dynamical/Microphysical Model, see Straka 1989; Johnson et al. 1993 Johnson et al. , 1994 Wang 2007) to simulate a typical US High Plains severe thunderstorm to see if the plume phenomenon occurs in the simulated storm. This storm occurred on 2 August 1981 in the upper Midwest of the US which was observed intensely by the Cooperative Convective Precipitation Experiment (CCOPE) field campaign and will be referred to heretofore as the CCOPE supercell. The sounding used to initialize this storm and the observational aspects of this supercell have been given by Knight (1982) and Wade (1982) . It also has been simulated numerically using the same cloud model by Johnson et al. (1993 Johnson et al. ( , 1994 and Lin et al. (2005) . The resolution adopted by Wang (2003) was 1 × 1 × 0.2 km 3 which was higher than the one performed by Johnson et al. (1993 Johnson et al. ( , 1994 who used the same horizontal resolution but the vertical resolution was 0.5 km. However, the major features of the plumes are very similar in these cases, indicating that the plume process is relatively insensitive to model resolution.
The simulation by Wang (2003) demonstrates that thunderstorms can perform the cross-tropopause transport of water substance via the gravity wave breaking at the storm top and provide the source material for the formation of the above-anvil ice plumes. The two figures below, Figs. 5 and 6, are taken from a new simulation similar to Wang (2003) but with a higher resolution of 0.5 × 0.5 × 0.2 km 3 . Again, the major features are very similar to that in Wang (2003) although the finer resolution simulation usually results in a somewhat more vigorous storm with greater maximum updraft and slightly higher plume levels. Also, the timing of the wave breaking and other related events may also change slightly with different resolution, but the overall sequences of the dynamical processes are still quite similar.
It is worth noting that the choice of this storm for the simulation is quite arbitrary and simply due to its qualification as an intense thunderstorm. We have simulated other intense thunderstorms and many of them show the same plume-generation phenomenon. While the CCOPE storm is a supercell, there are also many simulated multicell storms (such as the one occurred in southern Germany on 5 August 2003 and will be discussed at the end of section 4) that produce plumes. Figure 5 shows a few snapshots of the central vertical east-west cross-section of the simulated CCOPE storm. It is divided into the left panel and right panel, each representing a different plume formation mechanism. The left panel shows the jumping cirrus plume formation. The right panel shows the overshooting plume formation. The color shades show the RHi (relative humidity with respect to ice) field and black contours represent the equivalent potential temperature θ e . The RHi field is more useful for comparing the simulated plume phenomenon with direct observations as the relative humidity is more closely linked to condensation and hence the visible features of the plume. The θ e field, on the other hand, is better in showing the dynamical process as the variable θ e has included the thermal, pressure and (a)
moisture effect in itself and its distribution serves as a basis for distinguishing adiabatic and diabatic processes.
Jumping Cirrus Plume Formation (Fig. 5, Left Panel)
The jumping cirrus phenomenon occurs soon after the first time the overshooting dome forms. After the dome reaches z ~13 km at t = 16 min (not shown here), it starts to go downward as in an oscillation. We see that at t = 22 min (a), the overshooting top of the storm has dropped to ~12 km. At the same time, gravity waves propagate upward and downstream. At the cloud top at x ~45 km, the anvil is going through a wave breaking process. The anvil sheet is bulging up and pointing to the upstream. The wave breaking is clearly demonstrated by the shape of those θ e contours associated with the bulge. They curl over in a manner similar to the breaking of water waves when they move close to the shore. Water vapor is seen penetrating the θ e contours, indicating that the wave breaking is a non-adiabatic process. At t = 26 min, the broken wave takes the shape of a cloud jumping upward whose "front" reaches an altitude of ~15 km. This is the "jumping cirrus" as observed by Fujita (1982 Fujita ( , 1989 and more detail will be given in section 4. We see that part of this jumping cirrus has completely been separated from the anvil.
As time goes on, as in Fig. 5c at t = 30 min, the whole jumping cirrus is separated from the anvil and eventually takes the shape of an above-anvil ice plume. Since the plume forms from downwind of the overshooting area, it usually does not reach the overshooting dome. It is possible that many anvil top plumes that seem to originate far from the overshooting top may form by this process. From the thunderstorm cases we have simulated, the jumping cirrus plumes typically occur along the central line of the anvil.
Overshooting Plumes (Fig. 5, Right Panel)
The right panel of Figs. 5d -f shows the formation of overshooting plumes. The name reflects the location of the plume occurrence as it obviously comes from the overshooting area. Figure 5d shows the central cross-section of the storm at t = 92 min. At this time, the storm has already developed into a quasi-steady state supercell, with prominent overshooting top reaching ~16.5 km. It is seen that the θ e contours are highly congested indicting very large vertical θ e gradient ( z e 2 2 i ). The high gradient usually indicates the high tendency to become unstable as turbulent mixing with environmental air can result in negative z e 2 2 i and hence instability. Before this time, there were already some smaller scale instabilities occurring around the overshooting top, causing some ejection of cloud mass into the stratosphere.
But at t = 96 min (Fig. 5e ) the overshooting dome completely collapses, causing a very large ejection of cloud mass into the stratosphere to an altitude as high as 17 km. Since the model has a gradual Rayleigh damping layer from 17 to 20 km, one might expect that the maximum height of the ejection may have been influenced somewhat by the damping. A sensitivity run with the domain ceiling at z = 30 km showed that the highest elevation reached by the plume is also about 17 km, indicating that the damping effect is insignificant. The overall features of the wave breaking of the high-ceiling run are also quite similar to case presented here, so it appears that the wave breaking process is not sensitive to the damping height also. The anvil becomes highly wavy at this time. Since there is wind at this level, the ejection of the cloud mass is probably due to a combination of the instability and wave motion, somewhat akin to a small scale wave breaking.
The overshooting dome soon recovers as unstable boundary layer air parcels continue to rise to the tropopause and the dome continues to eject moisture into the stratosphere which eventually becomes chimney plume shaped cirrus by the action of upper level winds (Fig. 5f ). This type of plume usually forms either above the downwind side or in the downstream area but in close proximity of the overshooting top.
It is worth noting that the interior of the overshooting dome is relatively dry as indicated by the low RHi, in agreement with the observation by Roach (1967) . This is due to the rapid formation of ice crystals here because of the low temperatures caused by the rapid adiabatic expansion. The air in the core region of the overshooting dome largely comes from the moist boundary layer air parcels which ascend to the upper troposphere almost undiluted, causing the very cold temperature. Some thermodynamic processes related to the overshooting top are discussed by Wang (2007) . Figure 5 uses the RHi profile to represent the storm body since the high RHi region (red color, 80 -90%) gives a good approximation of the visible storm and plume boundary and is useful for comparing with visual observations. But RHi does not represent the actual amount of water vapor since it is a function of both vapor concentration and temperature. Instead, water vapor mixing ratio q v is a better representation of the actual vapor amount and this is shown in Fig. 6 . The time of the snapshot corresponds exactly to that in Fig. 5 . The color scale of q v is designed to emphasize the cloud top region where the vapor concentration is small. Figure 6 shows that the cross-tropopause transport of water vapor is real and not an artifact due to temperature effect. Figure 6 shows that the distribution of q v is similar to that of RHi but with some differences. The q v -distribution tends to be more continuous, as can be seen by comparing Figs. 6b, c with Figs. 5b and c. This is mainly because q v is only controlled by the dynamic process of transport but not by temperature whereas RHi is controlled by both. Thus, even if the q v distribution is uniform over a certain region, the RHi distribution can become discontinuous if the temperature is not uniform inside the region. Figures 6d and f show very clearly that the inner core of the overshooting dome is indeed very dry and hence it is unlikely to be the source of water vapor that is injected into the stratosphere. This also has been argued by Roach (1967) who suggested that the vapor source should come from the thin shell of the overshooting dome itself instead of the core of the dome. Our preliminary trajectory analysis of air parcel suggests that the air that gets injected into the stratosphere during a severe storm like this comes largely from the upper troposphere that gets entrained into the overshooting shell. A recent cloud model study on the tropical tropopause layer (TTL) by Hassim and Lane (2010) also suggests that the plumes occurring in tropical deep convection are mainly of TTL origin, thus corroborating with the mid-latitude results obtained here.
JUMPING CIRRUS
The jumping cirrus phenomenon mentioned above was reported in the 1980's by Fujita (1982 Fujita ( , 1989 but was met with much doubt, possibly due to the difficult observational conditions immediately above a severe storm and the lack of explanation on its dynamics. Fujita (1982) This statement implies that the cloud not only jumped upward but was also directed upstream which, at the time, was difficult to understand. Normally we would expect the motion of a cloud to follow the direction of the wind instead of against it. For example, the storm as shown in Fig. 5 indeed tilts to the right precisely because of the upper level wind is from left to right. Now in light of what we described above, it is clear that the jumping cirrus is precisely the manifestation of the storm top gravity wave breaking process.
The modeled jumping cirrus sequence is best illustrated by Fig. 7 which is taken from Wang (2004) . This figure is similar to Fig. 5 except it focuses on the jumping cirrus phenomenon and only the cloud top region of the storm is shown in each panel. It shows a series of 12 snapshots of the RHi profiles in the central east-west vertical cross-section (y = 27 km) of the simulated storm every 120 s from t = 1320 to 2640 s. Note that the vertical scale is stretched in these views. The following descriptions are condensed from Wang (2004) where more detailed descriptions can be obtained.
At t = 1320 s, the overshooting is not yet well developed and the highest point of the cloud is only slightly higher than the tropopause at 12.5 km. However, the wavy nature of the storm top is already obvious. At t = 1440 s, a cloudy patch starts to emanate from the bulge in the cloud top below. This patch is the precursor that eventually develops into a full-fledged jumping cirrus. The white arrow pointing at x ~34 km indicates the approximate position of the left (west) edge of the patch. At the same time, the overshooting top subsides, changing from a height of ~13 km to ~12.5 km, a drop of ~500 m. This seems to correspond to what Fujita (1982) described as the "collapse of the overshooting dome." While the overshooting top is subsiding, the wave crest located at x ~40 km starts to bulge up and tilt upstream. At 1560 s, a "jumping cirrus" in the form of a cirrus tongue has developed with its front edge located at x ~32 km and reaching an altitude of ~15 km. The cirrus tongue is already located higher than the overshooting top and is moving upstream.
As time goes on, the cirrus reaches further west and higher altitude as can be seen by the locations of the white arrows at the front edge. Since the altitudes of the jumping cirrus are both ~15 km at 1560 and 1680 s, the maximum altitude probably occurred somewhere in between these two times. This upstream and upward motion corresponds to what Fujita described as the "cirrus cloud which jumps upward from behind the overshooting dome." This ascending sequence of the jumping cirrus lasts about 6 min within which the cirrus rises from z ~12 to ~15 km. Figure 8 shows the time evolution of the (x, z) position of the jumping cirrus during the "jump" stage from which the velocity components (u, w) can be obtained. The average vertical speed of the jump is therefore about 8 m s -1 but the maximum vertical speed exceeds 10 m s -1 , and certainly is justified to be described as "jumping." The development of the simulated cloud top up to this stage seems to verify Fujita's description of jumping cirrus. The average horizontal speed is about 10 m s -1 , also quite substantial to deserve the adjective "jump."
The right panel in Fig. 7 shows the receding stage of the jumping cirrus. During this stage, the cirrus gradually retreats and becomes a long stretched plume that is roughly parallel to, but above, the storm anvil and should eventually evaporate to moisten the stratosphere.
Note that all the different motions mentioned above are relative to the motion of the storm. In our simulations, this storm is moving to the east with a speed roughly the same as the midlevel winds which vary with time as the storm develops. Hence the seemingly upstream-ward jump is only relative to the storm itself and not necessary indicating upstream motion relative to the earth.
CloudSat Observational Evidence of Jumping Cirrus
All the observational data mentioned above are taken either from aircraft, or from geostationary and polar orbiting satellite images using conventional horizontal scan imagers.
These traditional satellite images do not resolve the vertical structure of clouds as they generally lack vertical resolution, although some qualitative information can be obtained by examining certain features such as the shadows and infrared brightness temperature. It will be difficult to determine whether an observed above-anvil plume is the overshooting plume or jumping cirrus based on these images alone.
The more recent CloudSat, on the other hand, uses high frequency (94 GHz) cloud profiling radar to perform vertical scan and is able to obtain direct vertical cross-sections of clouds that lie on its path (see http://cloudsat.atmos.colostate. edu/instrument), but it does not provide horizontally scanned cloud images. The CloudSat profiles can be compared to data from other meteorological satellites or instruments, either geostationary or polar orbiting, and then the two types of images can be used complementarily to obtain both horizontal and vertical information of the cloud. Among these the Aqua/MODIS plays a crucial role, as it covers the same area of interest preceding the CloudSat satellite by one to two minutes only. One of us (ZC) has recently identified a case of jumping cirrus from such a complementary pair of images as shown in Fig. 9 . Figure 9a shows the CloudSat cross-section of a convective cloud system which occurred on 14 November 2009 and the feature indicated by the arrow has the characteristics of jumping cirrus. It is located downwind of, but points toward, the overshooting top. It also reaches somewhat above 17 km, slightly higher than the overshooting top. Figure 9b shows the corresponding MODIS image taken at about the same time. The red line in this figure represents the track of the CloudSat (from south to north). We see that the jumping cirrus in Fig. 9a corresponds to the plume-like structure that seems to be related to the overshooting top to its northeast. The plume casts a shadow on the anvil below. However, it is impossible to identify the plume as a jumping cirrus by the MODIS image alone. For example, there is another plume to the SW of the above jumping cirrus. It is associated with the overshooting top of another storm and it casts a shadow also, but we don't know whether that it is a jumping cirrus or not although it is likely. Such feature is observed frequently in satellite storm images but further studies will be needed to estimate the global frequency.
Ground-based Observations of Jumping Cirrus
Aside from satellite observations, Wang et al. (2009) also provided two ground-based observational evidence, both are available in the form of a movie. Selected frames from these movies are given below. Figure 10 shows a frame from a movie of a storm taken by a north-looking webcam installed on top of the Institute of Atmospheric Physics Building, Federal Institute of Technology (ETH), Zurich, Switzerland, on 5 August 2003 at around 1500 local time. The storm system developed in the general area of south Germany and was clearly a multicellular system judging from the movie. The upper level wind was generally westerly so that the cells generally tilted to the east. As older cells moved to the east and dissipated, new cells appeared in the west and grew rapidly. As soon as a cell reached a sufficient height, presumably close to the tropopause, a jumping cirrus developed at the cloud top; each looks like that shown in Fig. 10 . The jumping cirrus also generally points to the west, i.e., upstream, the same as the model results in Fig. 7 . This movie can be downloaded at the following URL: http://windy.aos.wisc.edu/pao/ jumping_cirrus_movies.htm (Courtesy of Willi Schmid). Figure 11 is a snapshot of the RHi 50% isosurface of a WISCDYMM simulated storm using the sounding of Stuttgart, Germany at 1800 UTC on 5 August 2003. Stuttgart is approximately 160 km to the NE of Zurich. The general storm environmental condition appears to be similar to the one seen in the webcam movie although precise correspondence is, of course, not expected. But the general behavior of the simulated storm top jumping cirrus resembles that seen in the movie. The movie and the simulation demonstrate that the jumping cirrus and the ensuing transport of water into the stratosphere are not limited to supercell but can occur in multicell storms as well.
There is another movie showing the jumping cirrus on top of a thunderstorm that occurred in Denver available at the following URL: http://windy.aos.wisc.edu/pao/jumping _cirrus_movies.htm (Courtesy of Walter Lyons). This was taken by a camera on the ground looking up to the thunderstorm system. Because of the view angle, the overshooting top was blocked by the extensive anvil when the storm was passing overhead. Nevertheless, the cirrus clouds moving up and down above the anvil can be clearly seen from the movie. 
OTHER ObSERVATIONAL EVIDENCE OF INJECTION OF WATER SUbSTANCE INTO THE STRATOSPHERE bY DEEP CONVECTIVE CLOUDS
All the evidence provided above is based on visual observations and is mainly from thunderstorms which occurred in mid-latitudes. Deep convective storms occur in the tropics as well and one would expect that they will also transport water substance through the tropopause into the mid-latitudes stratosphere. However, the cloud top level wind shear is stronger in the mid-latitudes and weaker in the tropics. This makes the identification of the above anvil plumes in the tropics a more difficult task as the elongation of the plume by wind is not as obvious as mid-latitude cases. There are differences between the deep convective storms in the mid-latitudes and the tropics. The tropopause in the tropics is much higher than in the mid-latitudes, and whether or not regular deep convective clouds with relatively weak convective available potential energy can penetrate the tropopause is still debated (see, e.g., Folkins et al. 1999) . Since the gravity wave breaking process is related to wind shear also, it is not yet clear at present how the weaker wind shear in the tropical upper troposphere influences the penetrative transport of water substance into the stratosphere. For a more general discussion of deep tropical convection, see Emanuel (1994) . For more recent observational discussions of water vapor transport through the tropical tropopause, see Randel et al. (2001 Randel et al. ( , 2006 .
Nevertheless, there are already direct samplings of stratospheric air that contains ice particles that are believed to originate from storms in tropical latitudes. For example, Danielsen (1993) observed the presence of a stratospheric anvil during the Stratosphere-Troposphere Exchange Project (STEP) in Darwin, Australia in January -February 1987. More recently, Corti et al. (2008) analyzed the remote sensing aircraft data from the Tropical Convection, Cirrus, and Nitrogen Oxides Experiment (TROCCINOX) in the State of Sao Paulo, Brazil in February 2005 and the StratosphereClimate Links with Emphasis on the Upper Troposphere and Lower Stratosphere (SCOUT-O3) experiment in Darwin, Australia, in November/December 2005. They found ice particles in the stratospheric "overworld" [the part of the stratosphere above ~380 K isentropic surface which is thought to be not directly influenced by tropospheric processes. See Hoskins (1991) or Holton et al. (1995) ] and concluded that the only possible explanation is that most ice particles are transported by deep convection. Similarly, Khaykin et al. (2008) performed balloon-borne soundings of water vapor, particles and ozone in the lower stratosphere next to mesoscale convective systems during the monsoon season over West Africa in Niamey, Niger, in August 2006, and showed also the presence of ice particles in the lower stratosphere.
Interestingly, these lower latitude observations tend to portray the deep convective clouds as the moisturizer of the stratosphere whereas conventionally they are thought to play the role of desiccator. Because tropical deep convective clouds are thought to reach very high in the troposphere, the cloud top temperatures are very cold and water vapor should almost completely convert into ice crystals and fall out, leaving very dry air to continue its journey into the stratosphere. This is the so-called "freeze dry" mechanism and is often cited as the reason why the stratosphere is so dry with only 3 -6 ppm of water vapor (see, for example, Brewer 1949; Kley et al. 1979; Newell and Gould-Stewart 1981) . This somewhat confusing status of the role played by the deep tropical convection is apparently not completely resolved at present and more research is needed to resolve the issue. Finally, recent observations of the water isotope HDO in the UTLS also support the deep convective transport cross the tropopause. HDO is more susceptible to condensation than H2O because of the heavier deuterium in the molecule. If water vapor in the troposphere is carried upward by slow ascend, it is expected that the HDO/H 2 O ratio should be very small in the UTLS because most of the HDO would have condensed and precipitated out. Yet both satellite data (Moyer et al. 1996; Kuang et al. 2003 ) and aircraft observations (Hanisco et al. 2007) show that the UTLS HDO/H 2 O ratio is much higher than can be explained by the slow ascend scenario. On the other hand, if the tropospheric water is transported by rapid convection to deep convective storms, then the water vapor can be transported so rapidly by the strong updrafts in these storms that HDO either wouldn't have time to condense, or if it does condense, the resulting condensed water (mostly in ice form) can be injected directly into the UTLS and eventually evaporate to give the high HDO/H 2 O ratio. The overshooting plumes and jumping cirrus outlined in the previous sections can serve exactly such a role to inject high HDO content water into the lower stratosphere. The aircraft observations of ice crystals in the lower stratosphere described in the first paragraph of this section convincingly testify the existence of these processes.
IMPLICATIONS OF THE DEEP CONVECTIVE TRANSPORT OF WATER INTO THE STRATO-SPHERE
The indication that deep convective storms are capable of transporting water substance from the troposphere into the stratosphere has important implications to many aspects of atmospheric science. This will be described below.
First of all, it complicates the simple view of conventional general circulation of the atmosphere. It is well known by now that the 3-cell general circulation model (Hadley, Ferrel and Polar) is an Eulerian interpretation while the Brewer-Dobson circulation is more appropriate for the material circulation (see, e.g., Plumb and Eluszkie-wicz 1999). A schematic view of this type of circulation that includes the stratosphere is provided by Holton et al. (1995) . It explains how air masses, including water vapor, can be transported globally.
The water vapor would be transported from the tropical boundary layer by deep convective clouds in the tropics to the upper troposphere and penetrate through the tropopause into the stratosphere. Once in the stratosphere, the vapor will be pumped towards mid-and high latitudes via the "extratropical pump" mechanism induced by Rossby wave breaking in the mid-latitude stratosphere. Then somewhere in the mid-latitudes the vapor will be brought down to the troposphere by the downward circulation via certain mixing processes and complete the cycle.
The above point of view is based on the mean circulation. But, as Danielsen (1982) argued, the mean flow point of view may miss the real physical process because the mean flow circulations may just be small residuals of the much stronger convective circulations that are doing the physical transport between the troposphere and stratosphere. The finding of the cross-tropopause transport of water substance by mid-latitude deep convective storms reported here confirms this argument. Apparently, the true process of global material transport in the atmosphere is more complicated than can be described by the mean flow scheme. Thus the mid-latitudes can also be a source region of water substance and not just play the role of a sink.
The simple global zonal mean circulation is made further complicated by the finding that there appears to exist a barrier at z ~14 km in the tropical troposphere that makes the vertical transport of matters difficult (see, e.g., Folkins et al. 1999 ). Highwood and Hoskins (1998) also reported that the top of tropical deep convective clouds rarely exceed 14 km. If this is indeed the case, then how water vapor can be transported through the tropical tropopause as is required by the mean circulation becomes unclear. The layer of the tropical troposphere between 14 and 17 km is now usually called the tropical tropopause layer (TTL) (see, e.g., a review by Fueglistaler et al. 2009 ). Obviously, there is an urgent need to understand the tropical deep convective cloud behavior near TTL to resolve these difficulties.
Second, as mentioned before, the water that is transported into the stratosphere by deep convective storms may have a residence time longer than a year and hence has the potential of playing a climatic forcing role. Although the amount of water so injected is small, its climatic impact might be large due to significant radiative interaction between water vapor and infrared radiation in the stratosphere (Solomon et al. 2010) . If the stratospheric water vapor concentration changes with time, then this unsteadiness may cast a strong influence on the climate system. It is wellknown that stratospheric water vapor concentration has been changing over the last few decades (see, e.g., Oltmans et al. 2000; Rosenlof et al. 2001 ). Solomon et al. (2010) suggested that the omission of the effect of stratospheric water vapor may be responsible for the over-prediction of warming in the last few years in many climate models. This means that we need to understand more clearly how water gets into the stratosphere before we can make more accurate climate prediction using numerical climate models. Some discussion on the larger scale convective transport of water vapor into the UTLS has been given by Dessler and Sherwood (2004) and Dessler (2009) .
Third, if the deep convective storms can transport water substance into the stratosphere, they can also transport other chemical species (trace gases and aerosols) as well via the same mechanism. Water vapor is subject to the freezedry mechanism at the low tropopause temperature but many other species do not behave similarly and they may be injected into the stratosphere efficiently by this convective transport. If this is the case, then their impact on the atmosphere needs to be carefully considered. This is especially true for assessing the impact of many anthropogenic chemicals that can be transported by deep convective systems to upper troposphere and lower stratosphere (UTLS). Other modeling studies (e.g., Mullendore et al. 2005; Trentmann et al. 2006 ) of the penetrative transport of other tracers indicate that this indeed happens. The emission of these chemicals varies from region to regionindustrially advanced countries emit man-made chemicals that are often of a different nature from those emitted by developing countries. How deep convective systems transport these chemicals up to the UTLS and their impact on the global atmospheric system deserves to be studied closely.
SUMMARY AND OUTLOOK
Observational evidence is summarized to show that mid-latitude deep convective storms inject water substance including water vapor and ice particles through the tropopause into the stratosphere. Model studies indicate that this is achieved via the storm top gravity wave breaking and turbulent mixing induced instability. Because of its potential climate forcing, it is necessary to understand this transport process more quantitatively. So far the model studies only provide qualitative conclusions about the possible mechanisms but no adequate quantitative assessment of the importance of this transport has been made due to the lack of comparison between model results and observational data. It will be desirable to develop global observational (presumably satellite) techniques that can estimate more quantitatively this transport. More refined numerical models, both storm and larger scales, are also needed to understand the broader impact of the transport. project 205/07/0905 and the Grant Agency of the Charles University in Prague -Grant No. 176210. We thank Dr. Martin Setvák and an anonymous reviewer for helpful comments that led to improvements of the paper. We would also like to thank NASA for providing the CloudSat data. Any opinions, findings and conclusions or recommendations expressed in this material are those of the author(s) and do not necessarily reflect the views of the National Science Foundation (NSF).
